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We  examined  the  effect  of  long-term  intermittent  cold  exposure  on  the 
fiber  type  composition  of  the  predominantly  type  I  soleus  and  the 
predominantly  type  Ilb  extensor  digitorum  longus  (EDL)  muscles  of 
rats.  Cold  exposure  was  accomplished  by  submerging  the  rats  in 
shoulder-deep  water,  maintained  at  20+0,5  degrees  C,  for  1  h/day,  5 
days/wk,  for  <19  wk.  The  efficacy  of  the  treatment  was  tested  by 
subjecting  both  groups  to  20  degrees  C  water  for  45  min  while  rectal 
temperature  (Tre)  and  02  consumption  (Vo2)  were  measured.  The  cold- 
exposed  group  displayed  a  22%  smaller  reduction  in  Tre  (P<0.05)  at  the 
end  of  the  exposure  and  23%  greater  Vo2  (P<0.05)  during  the  same 
period.  The  present  study  demonstrates  that  intermittent  cold  expo¬ 
sure  induces  a  type  I-to-type  Ila  transformation  in  the  soleus  muscle 
while  having  no  influence  on  the  EDL  muscle. 
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Walters,  T.  J.,  and  S.  H.  Constable.  Intermittent  cold 
exposure  causes  a  muscle-specific  shift  in  the  fiber  type  composi¬ 
tion  in  rats.  J.  Appl.  Physiol.  75(1):  264-267, 1993. — We  exam¬ 
ined  the  effect  of  long-term  intermittent  cold  exposure  on  the 
fiber  type  composition  of  the  predominantly  type  I  soleus  and 
the  predominantly  type  Hb  extensor  digitorum  longus  (EDL) 
muscles  of  rats.  Cold  exposure  was  accomplished  by  submerg¬ 
ing  the  rats  in  shoulder-deep  water,  maintained  at  20  +  0.5°C, 
for  1  h/day,  5  days/wk,  for  :£l9  wk.  The  efficacy  of  the  treat¬ 
ment  was  tested  by  subjecting  both  grouns  to  20*’C  water  for  45 
min  while  rectal  temperature  (l’„)  and  Oj  consumption  (Voj) 
were  measured.  The  cold-exposed  group  displayed  a  22% 
smaller  reduction  in  T„  (P  <  0.05)  at  the  end  of  the  exposure 
and  23%  greater  VO2  (P  <  0.05)  during  the  same  period.  Fiber 
type  composition  was  determined  using  routine  histochemical 
methods  for  myosin-adenosinetriphosphatase.  In  the  soleus 
muscle  of  the  cold-exposed  rats,  the  number  of  type  Ila  fibers 
increased  156%  (P  <  0.05)  and  the  number  of  type  1  fibers  de¬ 
creased  24%  (P  <  0.05).  Cold  exposure  had  no  significant  influ¬ 
ence  on  the  fiber  type  composition  of  the  EDL  muscle.  Cold 
exposure  resulted  in  an  increase  in  citrate  synthase  activity  of 
20  and  22%  in  the  soleus  and  EDL  muscles,  respectively  (P  < 
0.05).  The  present  study  demonstrates  that  intermittent  cold 
exposure  induces  a  type  I-to-type  Ila  transformation  in  the  so¬ 
leus  muscle  while  having  no  influence  on  the  EDL  muscle. 

acclimation;  hypothermia;  mitochondria;  metabolism 


MUSCLE  FUNCTION  is  affected  by  temperature.  As  a  re¬ 
sult  of  the  Qio  effect,  a  decline  in  muscle  temperature 
results  in  a  reduction  in  the  rate  of  flux  through  enzyme 
systems,  which  include  myosin-adenosinetriphosphatase 
(M-ATPase)  and  the  mitochondrial  enzymes  involved  in 
ATP  production.  A  reduction  in  M-ATPase  activity  re¬ 
sults  in  a  slower  speed  of  muscle  contraction,  whereas 
the  reduction  in  mitochondrial  enzyme  activity  results  in 
a  reduced  rate  of  ATP  production.  In  poikilotherms,  such 
as  many  species  of  fish  and  lizards,  acclimation  to  sea¬ 
sonal  declines  in  temperature  results  in  an  increase  in 
M-ATPase  activity  (6,  16,  17)  as  well  as  an  increase  in 
mitochondrial  enzyme  activity  (6, 15),  These  adaptations 
partially  compensate  for  the  temperature-induced  de¬ 
cline  in  muscle  function. 

Although  increases  in  skeletal  muscle  mitochondrial 
enzyme  activity  (9,  10)  and  M-ATPase  activity  (4)  have 
been  observed  in  cold-acclimated  mammals,  alterations 
in  fiber  type  composition  have  not.  There  are  no  reports 
of  fiber  type  composition  in  cold-acclimated  mammals 
perhaps  because  the  typical  method  for  inducing  cold  ac¬ 
climation  in  mammal.,  I.3  exposure  to  cold  air  (1,  9,  10). 


Water  has  a  much  greater  heat  capacity  than  air  and, 
therefore,  results  in  a  much  greater  loss  of  heat,  thus 
possibly  providing  a  greater  stimulus  intensity  for  the 
induction  of  a  fiber  type  shift. 

We  tested  the  hypothesis  that  a  shift  in  fiber  type  com¬ 
position  would  occur  in  rats  if  they  were  given  an  ade¬ 
quate  cold  stimulus.  Rats  were  exposed  daily  (1  h)  to  cold 
water  (20°C)  over  17-19  wk.  Additionally,  to  indirectly 
compare  this  method  of  cold  exposure  with  traditional 
methods  involving  cold  air,  skeletal  muscle  oxidative  en¬ 
zyme  activity  and  whole  body  metabolic  profiles  were 
also  examined. 

METHODS 

Animal  care.  All  animals  were  procured,  maintained, 
and  used  in  accordance  with  the  Animal  Welfare  Act  and 
the  Guide  for  the  Care  and  Use  of  Laboratory  Animals 
prepared  by  the  Institute  of  Laboratory  Animal  Re- 
sources-National  Research  Council.  Twenty  male  rats 
(Sprague-Dawley  CD-VAF/Plus),  initially  353  ±  28  g, 
were  obtained  from  the  colonies  of  Charles  River  Labora¬ 
tories  (Wilmington,  MA).  Rats  were  multiply  housed, 
four  rats  to  a  cage,  until  they  reached  >500  g  body  wt,  at 
which  point  they  were  housed  two  rats  per  cage.  Rats 
were  allowed  ad  libitum  access  to  food  (Purina  Rodent 
Chow)  and  water.  The  room  in  which  the  rats  were  kept 
was  maintained  on  a  I2:12-h  light -dark  cycle  at  25  ±  1  °C. 

Experimental  treatment.  Rats  were  randomly  assigned 
to  a  control  (CON)  or  a  cold-exposd  (CE)  group.  Cold 
exposure  was  accomplished  by  submerging  the  rats  in 
shoulder-deep  water  in  a  50-gal  container,  with  five  rats 
per  container.  The  water  temperature  was  constantly 
monitored  and  was  maintained  at  20.0  ±  0.5°C  by  the 
periodic  addition  of  ice  cubes.  Initially,  the  rats  were  ex¬ 
posed  for  5  min/day,  with  an  additional  5  min  added  each 
day  until  a  final  period  of  60  min/day  was  reached.  The 
CE  rats  received  this  treatment  5  days/wk  for  17-19  wk. 

Efficacy  of  treatment.  To  evaluate  the  efficacy  of  cold 
exposure,  CON  (n  =  5)  and  CE  (n  =  5)  rats  were  exposed 
to  cold  water  while  rectal  temperature  (T„)  was  moni¬ 
tored  with  a  Vitec  thermal  probe  inserted  5  cm  into  the 
rectum  (Fig,  1).  In  addition,  the  O2  consumption  (VOj) 
during  cold  exposure  was  determined  (Fig.  2).  Becau.se  of 
the  drastic  decline  in  the  T„  of  the  CON  rats,  the  expo¬ 
sure  was  terminated  after  4.5  min  in  this  group.  The  ex¬ 
posure  involved  placing  a  rat  in  a  cylindrical  metabolic 
cha4i»Lcr  (750  cm^),  which  was  in  turn  placed  in  the 
water,  as  previously  described.  The  metabolic  chamber 
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FIG.  1.  Influence  of  cold  water  immersion  (20°C)  on  rectal  tempera¬ 
ture  in  control  and  cold-exposed  rats.  Rectal  temperature  before  expo¬ 
sure  (i.e.,  time  0)  was  37.2  ±  0.1  and  37.4  ±  0.1°C  for  control  and  cold- 
exposed  groups,  respectively.  *  Significantly  different  from  control 
(P<  0.05). 

had  holes  up  to  a  point  corresponding  to  1  cm  above  the 
water  line.  The  holes  below  the  water  line  allowed  for  the 
mixing  of  water  between  the  chamber  and  the  50-gal  con¬ 
tainer,  while  the  holes  above  the  water  line  allowed  the 
entry  of  air,  which  was  pulled  through  the  chamber  and 
exited  through  a  mixing  chamber  at  the  top.  Exhaust  was 
pulled  by  at  a  rate  of  600  ml/min,  and  fractions  of  expired 
O2  and  CO2  were  determined  in  liiie  with  a  Perkin -Elmer 
1 1000  medical  gas  analyzer.  The  VO2  was  computed  by  a 
Macintosh  II  computer  interfaced  with  the  gas  analyzer 
and  flowmeter  by  use  of  the  Lab  View  data  acquisition/ 
analysis  software  package,  as  previously  described  (3). 
The  rats  on  which  these  data  were  determined  were  fa¬ 
miliarized  with  the  procedure  by  periodic  placement  in 
the  metabolic  chamber  and  into  the  water  before  the  ac¬ 
tual  experiment. 

Food  intake.  The  daily  food  intake  of  the  rats  was  esti¬ 


mated  by  determining  the  amount  of  food  consumed  per 
cage  for  the  last  week  of  the  study.  This  value  was  divided 
by  2  (2  rats/cage)  and  then  divided  by  7  (7  days/wk). 

Histochemical  analysui.  Rats  were  killed  with  an  over¬ 
dose  of  pentobarbital  sodium  (Nembutal i.  The  soleus 
and  extensor  digitorum  longus  (EDL)  muscles  were  ex¬ 
cised,  weighed,  and  pinned  to  a  wooden  stick.  The  mus¬ 
cles  were  then  frozen  in  isopentane  cooled  (  --100°C)  in 
liquid  Nj.  Cryostat  sections  (8  i^m)  were  stained  for  M- 
ATPase  by  use  of  routine  histochemical  methods  (8)  at 
pH  4  .53  and  4.30.  The  fiber  type  of  each  muscle  was  de¬ 
termined  from  three  photomicrographs  per  muscle.  7’his 
represented  250-350  fibers/photomicrograph.  The  fibers 
were  classified  according  to  the  nomenclature  of  Siaron 
and  Pette  (23). 

Citrate  synthase  activity.  Citrate  synthase  activity  was 
determined  in  muscle  homogenates  by  the  speclrophoto- 
metric  method  of  Srere  (22). 

Statistics.  Significance  between  groups  was  deter¬ 
mined  using  a  t  test.  The  level  of  significance  was  preset 
at  P  =  0.05. 

RESULTS 

Animal  weights  and  food  intake.  There  was  a  significant 
difference  in  the  body  weights  of  the  CE  group  compared 
with  the  CON  group:  594  ±  9  vs.  630  ±  10  (SE)  g,  respec¬ 
tively  (P  <  0.05).  However,  the  CE  rats  consumed  37ff, 
more  food  (g-dav  '  •  g  body  wt  ')  than  the  CON  rats  (P 
<  0.05). 

Efficacy  of  the  cold  exposure.  The  severity  of  the  cold 
exposure  in  the  present  study  can  be  seen  in  Fig.  1.  Both 
CON  and  CE  rats  underwent  a  significant  reduction  in 
T„  in  response  to  the  treatment.  However,  the  rate  and 
the  amount  of  reduction  in  T„  were  significantly  less  in 
the  CE  group  during  the  exposure.  The  ability  of  the  CE 
group  to  maintain  a  higher  T„  was  accompanied  by  a 
significantly  greater  metabolic  rale  during  the  exposure 
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TABLE  1.  Fiber  type  composition  of  soleus  and  EDL 
muscles  from  CON  and  CE  rats 


(iroup 

Type  I 

Type  ic 

Type  Ila 

Type  Hb 

CON 

80.9±3.0 

Soteus 

7.0±3.1 

12.1±0,3 

CE 

64.T±3.9* 

4.3  +  L6 

.31.0+3.3* 

CON 

2.9+0.6 

EDL 

23.6±0.9 

76.4+0.9 

CE 

3,8±L0 

25,7  ±6.1 

71.0±6.1 

Values  are  means  ±  SE  of  5  rats/group  expressed  as  percentages. 
CON,  control;  CE,  cold  exposed;  EDL,  extensor  digitorumlongus.  *  Sig¬ 
nificantly  different  from  CON  (P  <  0.0,')). 


(Fig.  2).  The  relative  difference  of  VOj  and  T„  between 
the  CE  and  CON  rats  was  22  and  23%,  respectively. 

Fiber  type  composition.  Cold  exposure  had  a  significant 
impact  on  the  fiber  type  composition  of  the  soleus  mus¬ 
cle:  the  number  of  type  Ila  fibers  in  the  CE  rats  increased 
threefold  (12.1  ±  0.3  vs.  31.0  ±  3.3%,  P  <  0.05),  and  the 
number  of  type  I  fibers  decreased  24%  (80.9  ±  3.0  vs. 
64.7  ±  3.9%,  P  <  0.05;  Table  1).  Cold  exposure  had  no 
significant  influence  on  the  fiber  type  composition  of  the 
EDL  (Table  1). 

Citrate  synthase  activity.  Cold  exposure  resulted  in  a 
22%  increase  (P  <  0.05)  in  citrate  synthase  activity  in  the 
soleus  muscle  (27.0  ±  1.2  vs.  32.9  ±  0.9  pmol  •  min"*  •  g'*). 
Citrate  synthase  activity  in  the  EDL  muscle  was  23% 
greater  in  the  CE  than  in  the  CON  rats  (P  <  0.05,  22.3  ± 
0.6  vs.  27.4  ±  1.1  fimoL  min  ‘-g"*). 

DISCUSSION 

The  cold  exposure  treatment  used  in  the  present  study 
clearly  resulted  in  a  number  of  adaptive  responses.  The 
increase  in  oxidative  enzyme  activity  that  occurred  in  the 
soleus  and  EDL  muscles  of  the  rats  in  the  present  study 
is  consistent  with  a  number  of  earlier  reports  for  both 
mammals  (9, 10)  and  poikilotherms  (7, 15).  Temperature 
has  a  profound  influence  on  skeletal  muscle;  the  rate  of 
metabolic  flux  is  reduced  as  temperature  declines.  An 
increase  in  oxidative  enzyme  activity  thus  serves  as  a 
positive  adaptation  to  the  cold. 

The  present  study  demonstrates  that  sufficient  inter¬ 
mittent  cold  exposure  can  induce  a  fiber  type  shift  in 
predominantly  type  1  fibers  in  rats.  This  finding  is  con¬ 
sistent  with  reports  of  decreased  M-ATPase  activity  in 
muscle  homogenates  of  cold-adapted  fish  (12,  16)  and 
rats  (4).  As  the  temperature  of  skeletal  muscle  declines, 
so  does  its  contractile  speed  (5,  20,  21).  In  the  soleus 
muscle,  the  shift  in  fiber  type  from  slow-contracting  type 
i  fibers  to  an  increasing  percentage  of  faster-contracting 
type  Ila  would  compensate  for  the  temperature-induced 
reduction  in  contractile  speed.  Consistent  with  this  rea¬ 
soning  is  the  lack  of  a  shift  in  the  predominantly  type  Ilb 
EDL  muscle;  i.e.,  it  is  already  predominantly  composed 
of  the  fastest-contracting  muscle  fibers. 

The  cold  exposure  treatment  used  in  the  pypoont  study 
wovild  be  expected  to  lesult  in  elevated  circulating  thy¬ 
roid  hormone  (TH)  levels  (1,  13,  18,  19).  Rats  that  are 
exposed  to  cold  air  (~15°C)  for  1  h  undergo  a  twofold 
increase  in  serum  triiodothyronine  (18).  Under  these 


conditions,  rats  display  a  1.5°C  decline  in  In  addi 
tion,  chronic  cold  exposure  results  in  an  increase  in  TH 
clearance  rate  (19).  A  much  greater  increa.se  in  TH  levels 
would  be  expected  in  the  present  study,  becau.se  the  rats 
experienced  a  10-12°C  decline  in  T„.  A  recent  study  ex¬ 
amining  the  influence  of  cold  exposure  on  myosin  heavy 
chain  (MHC)  expression  in  cardiac  muscle  demonstrated 
an  increase  in  the  proportion  of  the  o-MHC  with  a  con¬ 
comitant  increase  in  circulating  TH  levels  (1).  In  the  so¬ 
leus  muscle,  elevated  TH  levels  in  rats  result  in  an  in¬ 
crease  in  the  expression  of  the  lla  MHC  ( 1 )  and  interme 
diate  and  fast  myosin  isoforms  (2)  accompanied  by  a 
reduction  in  the  slow  myosin  isoform  (2).  In  contrast,  the 
EDL  muscle  is  not  affected  by  elevated  TH  levels  1 1,  2). 
Finally,  TH  is  a  potent  stimulus  for  increased  oxidative 
enzyme  activity  (24),  Taken  together,  these  data  provide 
indirect  support  for  the  possible  role  of  TH  in  mediating 
the  alterations  reported  in  the  soleus  and  EDL  muscles 
after  cold  exposure  in  the  present  study. 

Alternatively,  Hazel  and  Pros.ser  (11)  proposed  that 
cold  exposure  alone  may  induce  the  expression  of  temper¬ 
ature-specific  isozyme  genes.  If  this  is  true,  cold  water 
may  be  more  effective  than  cold  air  in  inducing  a  fiber 
type  shift,  because  the  greater  heat  capacity  of  water 
would  be  expected  to  result  in  a  greater  reduction  in  local 
muscle  temperature  than  would  occur  with  cold  air.  Fur¬ 
thermore  the  increase  in  oxidative  enzyme  activity  re¬ 
ported  here  is  greater  than  that  reported  for  rats  chroni¬ 
cally  maintained  in  cold  air  (5°C)  (10). 

Cold  exposure  clearly  resulted  in  adaptations  that 
were  manifested  in  a  slower  rate  of  temperature  decline 
in  the  CE  rats  (Fig.  1).  Although  not  measured  in  the 
present  study,  the  significantly  greater  Vo^  displayed  by 
the  CE  rats  in  Fig.  2  likely  reflects  an  adaptive  increase  in 
the  mass  and  metabolic  activity  of  brown  adipo.se  tissue 
(10).  Additionally,  the  significantly  greater  food  intake  in 
the  CE  rats  represents  another  important  manifestation 
of  cold  adaptation  (10). 

In  conclusion,  long-term  intermittent  cold  exposure  by- 
use  of  cold  water  (20°C)  for  1  h/day  induced  asignificant 
type  I-to-type  Ila  shift  in  the  soleus  muscle  as  well  as 
significant  increases  in  oxidative  enzyme  activity  in  the 
soleus  and  EDL  muscles  of  rats.  The  metabolic  adapta¬ 
tions  induced  by  this  treatment  mode  are  comparable  to 
those  reported  for  chronic  cold  air  exposure. 

Address  for  reprint  reque.sts:  T.  J.  Walters.  ,AL/OEDR/t  '.SAF.  Bldg, 
1182.  Brooks  Air  Force  Base.  TX  tSZSS-.S^OL 

Received  .10  November  1992;  accepted  in  final  form  2  Marcti  199:!. 
REFERENCES 

1.  Adler,  K.,  P.  Boels,  U.  Canten,  D.  Ganten,  and  I.  Morano. 
The  influence  of  cold  .stress  on  the  myosin  heavy  chain  expre.ssion 
of  cardiac  and  smooth  muscle  in  normotensive  and  sponianeoiisl  v 
hypertensive  female  rats.  Circ  Res.  09:  1640  1644,  1991. 

2.  Caiozzo,  V. R.  E.  Herrick,  and  K.  M.  Baldwin  Influence  of 
hyperthyroidism  on  maximal  shortening  velocity  and  myosin  iso 
form  distribution  in  skeletal  mu.scles.  Am  .1  Physiol  26'  (('<’/)  Pin 
i",l.  '’ai'i.V'ZCZ  t  '29.S.  1991 

a.  Constable,  S.  H..  C.  .1.  .Sherry,  and  T.  ,I.  Wai.ters.  An  applied 
model  for  the  evaluation  of  multiple  physiological  stressors,  Xruni 
sci  Hmts'hav  Rer.  1,1:  11.9  121,  1991. 

4.  Dawson.  C.  A.,  and  .S.  M.  Horvath.  .Swimminc  in  small  Inbor.'i 
tory  animal.s.  Mod.  .SVi.  .Sports  Rxert  isr  2:  ,9 1  78.  I97(>. 


ADAPTATIONS  TO  HYPOTHERMIA  IN  SKELETAL  MUSCLE 


267 


5.  Faulkner,  J.  A.,  E.  Zerba,  and  S.  V.  Brooks.  Muscle  tempera¬ 
ture  of  mammals:  coolittg  impairs  most  functional  properties.  Am. 
J.  Physiol.  259  {Regulatory  Integrative  Comp.  Physiol.  28);  R259- 
R265,  1990. 

6.  Gerlach,  G.-F.,  L.  Turay,  K.  T.  a.  Malik,  J.  Linda,  A.  Scott, 
AND  G.  GOLDSPINK.  Mechanisms  of  temperature  acclimation  in  the 
carp:  a  molecular  biology  approach.  Am.  J.  Physiol.  259  (Regulatory 
Integrative  Comp.  PhysioL  28):  R237-R244,  1990. 

7.  Guderley,  H.  Functional  significance  of  metabolic  responses  to 
thermal  acclimation  in  fish  muscle.  Am.  J.  Physiol  259  (Regulatory 
Integrative  Comp.  PhysioL  28);  R245'R252,  1990. 

8.  Guth,  L.,  and  F.  j.  Samaha.  Qualitative  differences  between  acto- 
myosin  ATP-ase  of  slow  and  fast  mammalian  muscle.  Exp.  Neurol. 
25:  138-163,  1969. 

9.  Hannon,  J.  P.  Effect  of  prolonged  cold  exposure  on  components  of 
the  electron  transport  system.  Am.  J.  Physiol.  198:  740-744,  1960. 

10.  Harri,  M.,  T.  Dannenberg,  R.  Oksanen-Rossi,  E.  Hohtola, 
and  U.  Sudin.  Related  and  unrelated  changes  in  response  to  exer¬ 
cise  and  cold  in  rats:  a  reevaluation.  J.  Appl.  Physiol.  57: 1489-1497, 
1984. 

11.  Hazel,  J.  R.,  and  C.  L.  Prosser.  Molecular  mechanisms  of  tem¬ 
perature  compensation  in  poikilotherms.  Physiol.  Rev.  54: 620-677, 
1974. 

12.  Heap,  S.  P.,  P.  W.  Watt,  and  G.  Goldspink.  Consequences  of 
thermal  change  on  myofibrillar  ATPase  of  five  freshwater  teleosts. 
J.  Fish  Biol.  26:  733-738,  1985. 

13.  Hensel,  H.,  K.  Bruck,  and  P.  Rathsa.  Homeosthermic  organ¬ 
isms.  In:  Temperature  and  Life,  edited  by  H.  Prect,  J.  Christopher- 
sen,  H.  Hensel,  and  W.  Larcher.  New  York:  Springer-Verlag,  1972, 
p.  503-533. 

14.  IzuMO,  S.,  B.  Nadel-Ginard,  and  V.  Mahdavi,  All  members  of 
the  MHC  multigene  family  respond  to  thyroid  hormone  in  a  highly 
tissue-specific  manner.  Science  Wash.  DC  231:  597-600,  1986. 


15.  John-AldeR,  H.  B.,  C-  H.  Lowe,  and  A.  F.  Bennet.  Thermal 
dependence  of  loeomotory  energetics  and  aerobic  capacities  of  the 
gila  monster  (Heloderma  suspectumf  J  Comp  Physiol  151:  119 
126,  1983. 

16.  Johnston,  1.  A.,  W.  Davison,  and  G.  Goldspink.  Adaptations  m 
magnesium-activated  myofibular  ATPase  activity  induced  by  envi 
ronraental  temperature.  FEBS  Lett  50:  293-295,  1975. 

17.  Johnston,  I.  A.,  J.  D.  Fleming,  and  T.  Crockford.  Thermal 
acclimation  and  muscle  contractile  properties  in  cyprinid  fish.  Am 
J  Physiol.  259  (Regulrtory  Integrative  Comp.  Physiol.  28i:  R231 
R236,  1990. 

18.  LeBlaNC,  j.,  A.  LaBRIE,  K.  Lupien,  and  D.  Richard.  Catechol¬ 
amines  and  triiodothyronine  variations  and  the  calorigenic  re¬ 
sponse  to  norepinephrine  in  cold-adapted  and  exercise-trained 
rats.  Can.  J.  Physiol.  Pharmacol.  60:  783  787,  1981. 

19.  Macari,  M.,  j.  j.  Dauncey,  D.  B.  Ramsden,  and  D.  L,  Ingram 
Thyroid  hormone  metabolism  after  acclimatization  to  a  warm  or 
cold  temperature  under  conditions  of  high  or  low-  energy  intake  Q 
J  Exp.  Physiol.  68:  709-718,  1983. 

20.  RaNATUNGA,  K.  W.  Temperature-dependence  of  .shortening  veloc¬ 
ity  and  rate  of  isometric  tension  development  in  rat  skeletal  mu.s- 
cle.  tl.  Physiol.  Bond  329:  465-483,  1982. 

21.  Ranatunga,  K.  W.  The  force-velocity  relation  of  fast-  and  slow- 
twitch  muscles  examined  at  different  temperatures  J  Phv.suA. 
Land.  351:  517-529,  1984, 

22.  Srere,  P.  a.  Citrate  synthase,  in:  Methods  in  Enzymotogy,  edited 
by  J.  M.  Lowcnstein.  New  York:  Academic,  1969,  vol.  xiti,  p.  3  5. 

23.  Staron,  R.  S..  and  D.  Pette.  The  multiplicity  of  combinations  of 
myosin  light  chains  and  heavy  chains  in  histochemically  typed  sin¬ 
gle  fibers;  rabbit  soleus  muscle.  Biochem.  J.  243:  687-693,  1987. 

24.  Winder,  W.  W.,  K.  M.  Baldwin.  R,  L.  Terjuxc.  and  J.  0.  Hol- 
LOSZY.  Effects  of  thyroid  hormone  administration  on  skeletal  mus¬ 
cle  mitochondria.  Am.  J  Physiol.  228:  1341-1345,  1975. 


I  Accesion  For  J 

NTIS  CRA&I  jJ 

DTIC  TAB  r 

Unannounced  C 

Justification 

By 

Di 

stiibution/ 

Availability  Codes 

Dist 

81 

Avail 

Spe 

SlD 

nd  1  or 
cial 

OTIC  QUALi'I^  ' 


